The degradation mechanism of phosphorescent-dye-doped polymer light-emitting diodes ͑PLEDs͒ is investigated. The active medium of our PLED is a polymer blend comprising poly͑vinylcarbazole͒ ͑PVK͒, ͓2-͑4-biphenylyl͒-5-͑4-tert-butyl-phenyl͒-1,3,4-oxadiazole͔ ͑t-PBD͒, and platinum͑II͒-2,8,12,17-tetraethyl-3,7,13,18-tetramethylporphyrin ͑PtOX͒. The cyclic voltammetry result shows that the reductive reversibility of PtOX is poor. This result suggests that PLED doped with PtOX is not stable if PtOXs trap electrons and turn into anionic PtOX species. This was indeed verified by fabricating single-layer PLEDs with various amounts of electron-transporting material, t-PBD. A slower degradation rate was observed from the devices with higher concentration of t-PBD, because of the reduction of the electron accumulation at the PtOX sites. The half decay lifetime of our phosphorescent polymer LED has been improved by a factor of ϳ40, from 1.2 to 45 h.
Recently, the demonstration of highly efficient phosphorescent organic light-emitting diodes ͑OLEDs͒ 1 has attracted considerable attention from academic institutes as well as industry. This is due to the harvest of both singlet and triplet states, which potentially can reach 100% internal quantum efficiency. Devices employing fluorescent dyes as the emitting media only allow singlet-singlet transition between host and guest. Employing phosphorescent dyes allows both the singlet and the triplet states to participate in the emission process, and highly efficient, red and green OLEDs and polymer light-emitting diodes ͑PLEDs͒ have been achieved. By doping platinum ͑II͒ 2,8,12,17-tetraethyl-3,7,13,18-tetramethylporphyrin ͑PtOX͒ and iridium ͑III͒ f ac tris͑2-phenylpyridine͒ ͓͑IrPPy͒ 3 ͔ into 4,4Ј-N,NЈ-dicarbazole diphenyl ͑CBP͒, highly efficient OLEDs with red and green emission have been achieved. [2] [3] [4] In addition, highly efficient PLEDs by doping PtOX and Ir͑PPy͒ 3 into poly͓9,9-bis͑octyl͒-fluorene-2,7-diyl͔ ͑PF͒ and poly͑vinylcarbazole͒ ͑PVK͒ have also been achieved. [5] [6] [7] Despite this progress, however, the long-term device operation stability has not been reported for phosphorescent polymer LEDs. In this letter, we study the degradation mechanism of single-layered PLEDs having PVK doped with PtOX as the emitter. This work indicates that one of the major failure mechanisms for the devices is that PtOXs turn into anionic species due to the electron accumulation at PtOX sites. By balancing the charge carriers, hence reducing the electron accumulation at the PtOX site, the half decay lifetime of our PtOX doped polymer LED has been improved by a factor of ϳ40, from 1.2 to 45 h.
In PLEDs doped with the phosphorescent dyes, such as PtOX, a blue emitting polymer polyfluorene ͑PF͒ was often chosen as the host polymer to facilitate energy transfer. 5 From the energy band diagram with the relative alignment of highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͒ levels of each component shown in Fig. 1 , 8 PtOX behaves as an electron trap when blending with PF, an n-type polymer. The energy difference in the LUMO bands of PF ͑2.1 eV͒ 9 and PtOX ͑2.9 eV͒ is enormous. Therefore, during the device operation, PtOX sites are immediately filled with the excess electrons from the PF. This hypothesis of electron trapping is indeed supported by the dramatic increase of electrical resistance upon doping PF with PtOX. 5 In addition, from the cyclic voltammogram shown in the inset of Fig. 2 that PtOX dopants are subjected to nonreversible degradation when excess electrons are trapped on the PtOX sites. This degradation mechanism is also supported by the study on tris͑8-hydroxyquinoline͒ (Alq 3 ) molecules. 11 According to Aziz et al., the cationic Alq 3 species is unstable and thus the injection of holes into the Alq 3 layer accounts as the main factor of the degradation in OLEDs if charge balancing is not achieved. This is consistent with the cyclic voltammetry results of Alq 3 reported by Papadimitrakopolulos et al., which show the irreversibility of Alq 3 oxidation. 12 It is therefore expected that the operational lifetime of PtOX doped PLED can be dramatically enhanced by converting the charge ͑electron͒ transfer to energy transfer by forming excitons ͑instead of electron accumulation͒ at the PtOX sites. On the other hand, a balance of the electrons and holes within the PLED is a simple approach for preventing the accumulation of electrons on PtOX sites. In this letter, we proved this concept by blending different concentrations of electron transporting medium ͓2-͑4-biphenylyl͒-5-͑4-tertbutyl-phenyl͒-1,3,4-oxadiazole͔ ͑t-PBD͒ with PVK ͑the host polymer͒. It is found that the best quantum efficiency and longest operational lifetime were observed when the ratio of PVK to t-PBD is 1:1. Our PLEDs are fabricated by a standard fabrication method: 13 The polymer solution is prepared by dispersing the complex, PtOX and electron-transporting material t-PBD, into a hole-transporting polymeric host material ͑PVK͒ dissolved in 1,2-dichlorobenzene. The polymeric thin film with a thickness ϳ100 nm was formed by spin coating the polymer solution on precleaned indium tin oxide ͑ITO͒ glass substrates, overcoated with 3,4-polyethylenedioxythiophene-polystyrenesulfonate ͑PEDOT͒ as a bilayer anode. 14 The cathode of the device is formed by thermal evaporation of calcium ͑500 Å͒ and then aluminum ͑1000 Å͒ under a 10 Ϫ6 Torr vacuum. The devices were fabricated and tested under nitrogen environment.
During the process of optimizing the device performance, it was found that devices with different ratios of t-PBD to PVK showed distinct degradation rates. Figure 2 shows that the decay curves of devices with similar thickness under the same operating current. Devices which have the ratio of PVK to t-PBD is 1:1 ͑curve a͒ exhibited a far slower decay rate than those containing the ratio 10:1 ͑curve b͒. This result revealed that the better device stability is attributed to a higher concentration of electron-transporting material. That is, electrons are mainly carried by t-PBD, not trapped at PtOX, before the formation of excitons. Hence a higher concentration of t-PBD significantly prevents the electron accumulation on PtOX sites. This observation is consistent with our assumption discussed earlier.
In addition to the balance of carriers, it is also required that the exciton lifetime of the host material is sufficiently long such that the saturation of emission sites and host emission will be reduced. This was indeed proved by Forrest et al. [1] [2] [3] They observed that when using PtOX doped Alq 3 as the emissive medium, electroluminescence contains both the host (Alq 3 ) emission and the dopant ͑PtOX͒ emission at high current density. 1, 15 They ascribed this observation to the short singlet lifetime of Alq 3 , which instantly saturates emissive sites of PtOX. By replacing Alq 3 with a host material with CBP which has an exciton lifetime longer than 1 s, the problem of host emission disappears and better device efficiency ͑ϳ2.2% at 100 cd/m 2 ͒ is obtained. 2 On the other hand, for our PVK doped PtOX PLEDs, the EL spectra show clean and pure emission from PtOX under various applied voltages, as long as the concentration of PtOX is higher than 1%. This is an indication that efficient energy transfer occurred in the PVK doped PtOX system. In this PLED system, exciton lifetime of PVK is only several tens of nanoseconds, 16 which is much shorter than CBP. Therefore, it is suspected that overlap of the host emissive spectrum and dopant absorption spectrum, in addition to the long exciton lifetime of the host material, is important to achieve efficient energy transfer. We further prove this argument by measuring the PL emission spectra of PtOX and examining the overlap between the host emission spectrum and the dopant absorption spectrum. PtOX absorption spectrum, PL emission spectra of 1 wt % PtOX in polystyrene and PVK PL spectrum are shown in Fig. 3 . It is noticed that the 1% PtOX in polystyrene shows very strong PL when it is pumped by 382 nm excitation light source. On the other hand, when the system is excited by 500 and 536 nm pump light source, only weak PL was observed. It is also shown in 3 that there is a good overlap between Soret band ( max ϭ385 nm) of PtOX and PL spectrum of PVK. Hence, based on the results from PL measurements, and the overlap of host PL spectrum and dopant absorption spectrum, the major contribution to PtOX emission is from Soret band. Similarly, a reasonable overlap of spectra can be expected between CBP 17 and Soret band of PtOX. In contrast, there is a relatively poor overlap between the host and Soret band of PtOX in OLEDs employing Alq 3 as the host. This is consistent with a separate experiment in which Ir͑PPy͒ 3 was used as the host material of phosphorescent-dye-doped OLED, and the problem of host emission again appears, despite the lifetime of Ir͑PPy͒ 3 is as much as 8 times longer than that of Alq 3 . 18 These results suggest that the overlap between the host emission and the guest absorption spectrum is as important as, if not more important than, the long exciton lifetime of the host material for achieving efficient energy transfer and high performance polymer LEDs.
In this work, the best quantum efficiency obtained from the devices with 4% dopant concentration was 1.4 cd/A at 14.4 V and the current-light-voltage curves were shown in Fig. 4 . In addition, the time dependence of light output under continuous operation is shown in Fig. 2 . The device, consisting of 4% PtOX, is operated at the initial brightness of 30 cd/m 2 and the half-brightness lifetime, i.e., down to 50% of initial brightness, is around 45 h. As shown in Fig. 2 , the light output decreases to 60% of the initial value in the first 5 h, followed by a 10% decay at around 40 h. Compared to the long operation lifetime of PtOX doped OLED done by Burrows et al., 19 the initial decay and lifetime of our PtOX doped PLEDs were not as good as those of OLEDs. This might be due to electron trapping still occurring in PLEDs using PVK and t-PBD as the hole-and electron-transporting materials, respectively, and interfacial decay at the metalpolymer interface. From the energy level diagram shown in Fig. 1 , it can be found that a difference of 0.4 eV in LUMO between t-PBD and PtOX still big enough to facilitate sequential electron trapping by PtOX, leading to a faster decay than OLEDs. Therefore, there is still room for improvement, such as the selection of an electron-transporting material with a LUMO level similar to that of PtOX.
In summary, we investigated the degradation mechanism of PtOX doped PLEDs. The emitting medium of the singlelayer PLED is a polymer blend consisting of PVK, t-PBD, and PtOX. By fabricating devices with various percentages of electron-transporting material ͑t-PBD͒, it has been proven that the fast device decay is attributed to the formation of unstable anionic PtOX species due to the electron trapped at PtOX sites. By reducing the electrons trapped in the PtOX sites, the device has its half brightness lifetime extended from 1.2 to around 45 h. This is by far one of the best results for PLEDs doped by electrophosphorescent dyes. This work is supported by AFOSR ͑Award No. F49620-00-1-0103; Program Director: Dr. Charles Lee͒. We are grateful to Professor M. Thompson ͑University of Southern California͒ for providing the phosphorescent dopants and technical discussions; and to Professor J. Kido ͑Yamagata University, Japan͒ for important discussions during his visit to UCLA.
